This study assessed the use of extruded feeds, in the form of pellets, for the growing of echinoid Paracentrotus lividus within a closed-culture system. Two feed types, one with soya-bean protein, the other with both soya-bean and ®sh protein were compared with dried Lessonia sp. and fresh Laminaria sp. as food sources. Pellets present a very high conversion eciency (about 80%) against about 50% for Laminaria and 35% for Lessonia. However, as pellets are less absorbed, somatic growth (SG) is statistically equivalent for the sea urchins fed with pellets and Laminaria between 2 and 2.2% g soma day
Introduction
Interest in cultivation of sea urchins has increased over the last two decades owing to the depletion of wild stocks as a result of over-®shing (e.g. Byrne 1990; Fernandez 1996) . It is the gonads or roe, which represent the edible part of the urchins and these must satisfy both size and quality (taste, ®rmness and colour) criteria.
Paracentrotus lividus is an echinoid that occurs along the coasts of Western Europe and the Mediterranean region. The in¯uence of abiotic factors (i.e. temperature and photoperiod) and frequency of feeding on somatic growth (SG) and gonadal growth (GG) have been examined for sea urchins held in a closed-rearing system (Spirlet et al. 1998a (Spirlet et al. , 2000 . The development of formulated feeds is desirable on the grounds of availability, consistency of quality and composition, water stability, and ease of use in comparison with fresh algae (Caltagirone et al. 1992; Fernandez 1996) .
The present study compares SG and GG of P. lividus fed with two formulated feeds, i.e. a dried alga (Lessonia sp.) and an alga (Laminaria sp.) that constitutes the natural food of this sea urchin species.
Materials and methods
The P. lividus (Lamarck 1816) used were produced in the laboratory using methods described by Le Gall (1989) and Grosjean et al. (1996 Grosjean et al. ( , 1998 . Individuals of 15±25 mm ambital diameter (excluding spines) were selected.
The four foods tested (see Table 1 ) were extruded foods based on soya-bean protein (soya-bean pellets ± SBP) or a mixture of soya-bean and ®sh proteins (mixed-food pellets ± MFP), dried Lessonia sp. algae imported from Chile and presented as`sticks' of 1±4 cm long and fresh Laminaria sp. algae collected from the shore at low tide (Luc-sur-Mer, France) .
Two experiments were run, the ®rst in aquaria designed for feeding and digestion studies (Fig. 1) , and the second in the rearing units described by Grosjean et al. (1998) .
Four 160-L aquaria (one per diet) were each equipped with eight individual holding baskets ( Fig. 1) photoperiod was set for 12 l:12 d. Water renewal, with 50 lm-®ltered sea water, was ®xed at 500% per day. Prior to entering the aquaria, water was ®ltered on a 1-lm diatom mechanical ®lter so that solid particles cannot get to the drawers with the faeces and the food leftovers. Five holding baskets in each aquarium received batches of 15 sea urchins of mixed sex. Individuals were distributed at random and acclimatized to the rearing conditions during 4 days before the start of a 15-day experiment. Portions of food were provided in excess and replaced every 24 h. The food was weighed fresh before distribution, and the drymatter content was determined on 10 additional food portions each day (after drying for 48 h at 70°C). The dry weight of food remains was assessed daily. The three empty baskets in each aquarium received portions of food for estimation of weight¯uctuation with time, and correction of ingestion rates.
Immersed weight (batches weighed in sea water), standardized according to Grosjean et al. (1999) is measured at the beginning (just after the acclimatization) and at the end of the experiment. A direct relationship exists between the standard immersed weight (SIW in g) and the dry weight of the soma S in g (Grosjean et al. 1999) which is: Hence, the measure of SIW allows estimation of the initial and ®nal dry weight of the soma. Its precision is good enough to allow the calculation of relative growth rate of the soma SG (over a short period of time: 15 d) as:
where SG is expressed in percentage dry weight of the soma per day, S 0 and S tmax are the initial and ®nal dry weights of the soma in g, and " S is their mean value. No mortality was observed during the course of the experiment.
The apparent consumption is the amount of food that disappears with time in the aquaria. It is calculated as follows:
where GrI is the apparent consumption in % of soma in dry weight day ±1 ; t is time (days), t max is the length of the experiment (15 d); F t±1 is the dry weight (g) of the food portion distributed 24 h before t, L t is the dry weight (g) of the leftovers at time t and " S is the mean somatic dry weight (g) during the considered period of time. We de®ne the soma by the animal excluding gonads.
The ingestion rate corresponds to the amount of food really ingested by the sea urchins, and is calculated after correcting the apparent consumption (food controls). Correction coecient C is calculated as:
where La t is the quantity of leftovers in the controls at time t and Fa t±1 is the amount of food introduced in the same baskets 24 h before (in g of dry weight).
Considering that the ingestion rate and variation of food are both continuous (food is nonlimiting and sea urchins feed very slowly), the ingestion rate I (% g dry soma day ±1 ) is calculated as:
Every 24 h, the faecal pellets produced by each basket of sea urchins were collected separately, rinsed in 50 mL distilled water and dried at 70°C during 48 h before being weighed. The apparent absorption rate is given by the following equation:
where Faeces t is the faeces dry weight (g) collected at time t. GrI, I and A are thus calculated over the whole period of the experiment. This is important for the accuracy of the results.
The following parameters are calculated: the apparent conversion eciency of the food (GrConv), the conversion eciency (Conv) and the apparent absorption eciency (Abs), which are calculated: respectively, as:
They are all expressed in percentages.
The second experiment was run in rearing units of the type described by Grosjean et al. (1998) . A water renewal of 200% per day maintains the quality of the sea-water during the experiment. The sea urchins used were 25 2 mm of ambital diameter.
A total of 240 sea urchins had been deprived of food for 2 months to ensure that most of the nutrients present in the gonads were resorbed.
Prior to the experiment, four batches consisting of ten sea urchins were weighed in water (standard immersed weight) and dissected. The gonads and integuments were dried for 48 h at 70°C and weighed separately.
The 200 individuals were separated in four groups, each fed ad libitum with a dierent type of food. A total of 10 individuals from each group were then killed after 30, 65 and 92 days of treatment, respectively.
At the end of the experiment, the immersed weight was determined before the echinoids were dissected and processed with the aforementioned procedure. The SG was calculated as equation 2.
Gonadal growth was assessed as follows:
where Gdw 0 and Gdw t max are the estimated initial and the ®nal measured dry weights of the gonads, respectively, SIW 0 is the initial standard immersed weight, and Gdw c and SIW c are the mean dry weight of the gonads and the mean standard immersed weight of the initial samples. The dierential allocation of resources to gonads was evaluated as the ®nal gonad index (GI t max ) expressed as:
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Maturity stages were assessed by histological observation and classi®ed according to an 8-stage scale (Spirlet et al. 1998b) . The maturity index (MI) of a batch was calculated as:
Production of sea urchins fed extruded feeds with MC the maturity stage ranging from 1 to 8, n MC the number of individuals presenting that coecient, and n tot the total number of individuals in the batch. As no dierence could be established between males and females in previous studies on wild populations of P. lividus in Morgat (Spirlet et al. 1998b ) and cultivated specimens (personal observations, v 2 test, P < 0.05), data for the sexes were pooled in all analysis.
In both experiments, the conditions and the eect of feeding were compared using one-way ANOVA ANOVAs and Fisher's least signi®cant dierence tests (levels of signi®cance: P 0.05) after arcsine transformation for proportions (Sokal & Rohlf 1981) . A Mann±Whitney nonparametrical U-test was used for the GI (level of signi®cance: P 0.05) and a Watson's U 2 -test was performed on the polar transformed values for MI (Zar 1996) .
Results
There was a large discrepancy between the apparent and actual consumption of pellets (Fig. 2) . This was owing to the disintegration of the pellets in sea water. Further, as sea urchins feed slowly, there may be additional losses during grazing. All particles larger than 250 lm were collected in the drawers (see Fig. 1 ), and these losses would then be estimated. There were no dierences in ingestion between pellet types, nor were there signi®cant dierences between the algae types, in terms of ingestion rate, although dierences were recorded between pellets and algae. Being related to the actual ingestion rate (see equation 6), absorption rate is signi®cantly lower for the pellets than for the other foods, and also signi®cantly lower for Lessonia than for Laminaria. Hence, the absorption eciency is signi®cantly lower for the Lessonia than for the three remaining foods (Fig. 3) . Lessonia results therefore in a lower SG rate (Fig. 2) . The SG observed with pellets are not signi®cantly dierent than the one obtained with Laminaria.
Finally, as a consequence of the large discrepancy between apparent and actual ingestion rates of the pellets, the Conv (one of the most important criteria from the point of view of a commercial aquaculture activity) is very dierent if we consider apparent or actual conversion ratio. They give better results than Laminaria only in the second case. Figure 4 shows the results for SG in the second experiment. Somatic growth is measurable although relatively low during the ®rst month, between 0.14 and 0. ) for the individuals fed with soya-bean pellets. There is no signi®cant dierences between treatments. After 2 months, gonads produced by sea urchins fed with Laminaria are signi®cantly less than those fed with pellets. At the end of the experiment, the sea urchins with Lessonia treatment produced a measurable but very low amount of gonad. The GG is similar for the other treatments. Figure 6 shows the evolution of the GI. Individuals fed with pellets have a signi®cantly higher GI than the others in the ®rst month. The GI of the batch fed with Lessonia algae remains very low through out the experiment. As it increases, the GI of the individuals fed with Laminaria algae remains signi®cantly lower than the GI of the ones fed with pellets. For the maturity aspect (Fig. 7) , during the ®rst month, only the batch fed with MFP has started gametogenesis by means of multiplying the number of gametocytes (presence of stage 3 or recovery stage in the scale de®ned by Spirlet et al. 1998b) . Others are still in the spent stage. Except for the Lessonia batch, all have accumulated nutrients in their nutritive phagocytes. The MI of the batch fed with MFP (dotted arrow), is signi®cantly higher the ®rst month (MFP 1). After 2 months of treatment, gametogenesis is insigni®-cant in the Lessonia batch as opposed to that fed with Laminaria (stage 3) and those fed with pellets which have reached stages 4 and 5 (Spirlet et al. 1998b) . The dierences are signi®cant. At the end of the experiment, the sea urchins fed with pellets have reached an MI close to 6 (mature) but the batches are actually composed of individuals presenting stages 5 (premature) and 7 (partly spawned). The batches fed with Lessonia and Laminaria algae have reached an MI between 4 and 5. Thus, the gametogenic process is slower for Figure 7 Polar representation of the maturity index (MI) for both parts of the experiment. The framed numbers represent the maturity stages. The numbers 1, 2 and 3 following the symbols correspond to 1, 2 or 3 months of treatment with Lessonia algae (LES), Laminaria algae (LAM), soya-bean pellets (SBP) or mixed-food pellets (MFP). The underlined data represent the results after 1 month of feeding. The dotted arrow shows the MI for the batch fed with mixed-food pellets, signi®cantly higher than the others after one month of treatment. The other arrows represent the MI for the batches fed with pellets, signi®cantly higher than the other two after 2 months of treatment. the Laminaria-fed individuals than for the pellet-fed ones. As for the Lessonia batch, gametogenesis proceeds only during the third month of treatment. Furthermore, the aspect of the gonads is very dierent: the diagnosis of the maturity stage is possible because the sexual cells are recognizable but they are very few in a very light mesh of nutritive cells.
The compilation of these results indicates that the dry Lessonia alga allows poor GG and SG after 3 months of treatment. Thus, the GI remains very low. The pellets promote SG, GG and gametogenesis. Fresh Laminaria appears to give better SG and minor GG results over the same period.
Discussion
During the study, the pellets are readily consumed by the echinoids. This might be because their texture and form is convenient: easy to grab and manipulate with the minimum eort. [Klinger (1982) discussed the importance of the shape of the foods given to sea urchins.] Figure 2 shows that sea urchins ingest more Laminaria than pellets. Fresh algae may imply a greater energy in manipulation and in chewing as the volume to ingest is larger.
As a reminder, we indicated our apparent values so that our results could be compared with other echinoid studies. However, we insist on the necessity to correct those values. Indeed, there is an inevitable weight variation of food in water. Therefore, apparent ingestion is not really representative as it does not take this variation into account. As this correction is minor on the algae, it makes a drastic dierence for the pellets (Fig. 2) . Thus, the sea urchins ingest much less pellets than Laminaria for the same SG, implying that the Conv is higher for the arti®cial food (Fig. 3) . Degradation of the pellets could also have implication in water pollution, especially in closed systems.
Somatic growth is statistically equivalent for Laminaria and pellet treatments both in the aquaria and in the rearing units. If SG is measurable and non-negligible, the GI can be biased and not representative of gonadal production. Therefore, the GG (in % day ±1 individual ±1 ) seemed a priori a more accurate parameter to assess the production of roe. Usually, the growth of the gonads is associated with the ingestion of nutrients (Lawrence & Lane 1982) . In this experiment, Lessonia consumption did not promote GG. It seems that feeding the echinoids with Lessonia (at least for a short period after starving) promotes primarily SG if any. It is de®nitely impossible. Bishop & Watts (1992) showed in Lytechinus variegatus that recovery of the vital functions was composed of two stages preceding the recovery of gametogenic activity. The apparent direction of the nutrients towards somatic production could be owing to the very poor quality of food (in composition or in assimilation potential) considerably slowing the recovering process. Thus, after 1 month of treatment, the individuals would only be starting to recover the digestive functions. With Laminaria, the process seems to be slightly quicker as there is SG but still no growth of the gonads, in the ®rst month. Other studies have shown growth of gonads in a few weeks' time (see Lawrence et al. 1991; notably for P. lividus and Klinger et al. 1997 for Strongylocentrotus droebachiensis) in aquaria conditions but the specimens used were ®eld animals ®shed with empty gonads in autumn. Thus, the individuals' vital functions were not really disturbed by starving and no recovery was necessary.
During a long starving period, the gonadal tissue is resorbed and the nutrients stored in the phagocytes are used for maintenance (Lawrence & Lane 1982; Lares & Pomory 1998) . When fed later the echinoids recover their gonads ®rst by storing de novo nutrients in their phagocytes and then multiplying gametocytes that will eventually follow the gametogenic process. Relative latency in gonad maturation during the ®rst month can be owing to the time necessary to recover from starvation. For similar GI and GG values, the signi®cant dierence in maturity between the pellets suggests that the mixed food might favour the multiplication of gametocytes and/or gametogenesis. Gonads of individuals fed with Lessonia are similar to the starved individuals con®rming the inadequacy of this food.
Somatic growth, which was low during the ®rst month, becomes important during the second month and drastic at the third month: the sea urchins' somatic weight has increased over 150% from the initial value (results not shown). Lessonia is consumed as abundantly as Laminaria. However, SG is lower in aquaria. In the structures, the SG occurs in the third month. As the food was distributed ad libitum and was consumed regularly, there is no reason a priori why important SG should occur so late. No such example was found in literature. Results from this study suggest that Lessonia promotes SG exclusively. In addition to lower conversion rate and poor SG, it con®rms that dried Lessonia is not an accurate food for this species. The nutritive properties seem too low to grow anything but skeleton. Bedding®eld & McClintock (1998) showed that when Lytechinus variegatus was fed with Lessonia, the gut did not attain a level sucient to initiate the translocation of nutrients to the gonads. The lack of eciency might be enhanced by the drying process as fresh Lessonia is a privileged food in south America for certain echinoid species such as Loxechinus albus (Zamora & Stotz 1992) .
Results show that in 3 months growth is similar for all treatments except Lessonia (Fig. 5) . There are dierences in intermediate analysis. Thus, pellets enhance the production of gonadal tissue quicker than Laminaria. However, it is unsure if it is from greater ingestion or better quality, or both. The only reliable fact is that the GI is considerably higher (30%) than the maxima observed in the ®eld (Spirlet et al. 1998b) . These results agree with those of Lawrence et al. (1997) for L. albus for which the GG was superior for the individuals fed with extruded feeds. The same should encourage the use of this type of food in cultivation, as it seems to promote both SG and GG. Moreover, for the MFP treatment, the GG is similar between the second and third month, while for soya-bean pellets and Laminaria treatments, the growth is signi®cantly superior during the third month. We can suppose that the individuals fed with MFP reached maximal production during the second month. It would be interesting to know if after the fourth month of treatment (1) the individuals fed with soya-bean pellets would have larger gonads than the ones fed with MFP, and if (2) the individuals fed with Laminaria would have caught up with the others.
The levels of production observed indicate that the echinoids consumed sucient quantities of arti®cial feeds to be well nourished. High production of somatic and gonadal tissues indicate that both feeds will support nutrient store even after a period of starvation, when nutrient allocation can be diverted from gut to gonad production. Either food is sucient for maintenance of P. lividus and for promoting both SG and GG. However, there are two main drawbacks to the pellets in their present formulation. First, the positive nutritional gain is partially overwhelmed by the substantial degradation of the food in sea-water and the lost nutrient can cause water pollution in intensive cultivation. Manufacturers need to improve their food in terms of stability in sea-water in time.
